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Abstract
Three experiments measured spatio-temporal contrast sensitivity, coherent motion, and visible persistence in a single group of
children with developmental dyslexia and a matched control group. The findings were consistent with a transient channel disorder
in the dyslexic group which showed a reduction in contrast sensitivity at low spatial frequencies, a significant reduction in
sensitivity for coherent motion, and a significantly longer duration of visible persistence. The results were also examined by
classifying the dyslexic group into dyseidetic, dysphonetic, and mixed (dysphoneidetic) subgroups. There were no differences
between the control and dyseidetic groups in contrast sensitivity, in coherent motion and in visible persistence. In comparison to
the control group, the mixed (dysphoneidetic) dyslexic subgroup was found to have a significant reduction in contrast sensitivity
at low spatial frequencies, a significant reduction in sensitivity for coherent motion, and a significantly longer duration of visible
persistence. In comparison to the control group, the dysphonetic group only showed a reduction in contrast sensitivity at low
spatial frequencies. Comparisons between the dyseidetic, dysphonetic and mixed dyslexic subgroups showed that there were no
substantive differences in contrast sensitivity, coherent motion, and visible persistence. The results support the proposal and
findings by Borsting et al. (Borsting E, Ridder WH, Dudeck K, Kelley C, Matsui L, Motoyama J. Vis Res 1996;36:1047–1053)
that a transient channel disorder may only be present in a dysphoneidetic dyslexic subgroup. Psychometric assessment revealed
that all the children with dyslexia appear to have a concurrent disorder in phonological coding, temporal order processing, and
short-term memory. © 1998 Elsevier Science Ltd. All rights reserved.
1. Introduction
1.1. General introduction
During the previous two decades research has pro-
vided evidence for the presence of a transient channel
disorder in children with dyslexia (Lovegrove, Heddle
& Slaghuis, 1980; Slaghuis & Lovegrove, 1985; Love-
grove, Martin & Slaghuis, 1986; Lovegrove, 1993; Cor-
nellisen, Richardson, Mason, Fowler & Stein, 1995;
Felmingham & Jacobson, 1995; Edwards, Hogben,
Clark & Pratt, 1996; Lovegrove, 1996). The original
evidence for a transient channel disorder in dyslexia
was of four kinds (Lovegrove, Martin & Slaghuis,
1986). First, at the threshold level of visual processing
children with dyslexia were found to have a significant
reduction in contrast sensitivity at low spatial frequen-
cies (Lovegrove, Bowling, Badcock & Blackwood, 1980;
Lovegrove, Martin & Slaghuis, 1986; Martin & Love-
grove, 1987, 1988). Second, at the suprathreshold level
of visual processing children with dyslexia were found
to have significantly longer durations of visible persis-
tence at low spatial frequencies (Lovegrove, Heddle &
Slaghuis, 1980; Badcock & Lovegrove, 1981; Slaghuis &
Lovegrove, 1984, 1985, 1986a,b; Slaghuis, Lovegrove &
Davidson, 1993). Third, an examination of sustained
channel function in dyslexia showed this to be relatively
intact (Lovegrove, Martin & Slaghuis, 1986; Lovegrove,
1993, 1996). Fourth, the research showed that the dif-
ferences in visual processing in dyslexia precede the
commencement of reading practice (Lovegrove,
Slaghuis, Bowling, Nelson & Geeves, 1986), and that a
visual processing disorder continues into late adoles-
cence and adulthood (Slaghuis & Pinkus, 1993;
Slaghuis, Twell & Kingston, 1996). Finally, research
which examined the incidence of a visual processing
disorder in dyslexia found that it occurred with a
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frequency of approximately 75% (Slaghuis & Love-
grove, 1985; Lovegrove, Martin & Slaghuis, 1986;
Lovegrove, 1993, 1996).
More recent research in dyslexia has provided con-
vergent evidence for a visual processing disorder in
transient or M (magnocellular) pathways in dyslexia
using psychophysical techniques (Cornellisen, Richard-
son, Mason, Fowler & Stein, 1995; Felmingham &
Jacobson, 1995; Edwards, Hogben, Clark & Pratt,
1996; Lovegrove, 1996), visual evoked potentials
(Mecacci, Sechi & Levi, 1983; Livingstone, Rosen, Dris-
lane & Galaburda, 1991; May, Lovegrove, Martin &
Nelson, 1991; Lehmkuhle, Garzia, Turner, Hash &
Baro, 1993; Kubova, Kuba, Peregrin & Novakova,
1995), physiological and anatomical analysis (Living-
stone, Rosen, Drislane & Galaburda, 1991), and func-
tional magnetic resonance imaging (Eden, Van Meter,
Rumsey, Maisog, Woods & Zeffiro, 1996). The differ-
ent characteristics of neurones in the M (magnocellular)
and P (parvocellular) pathways suggest that they play
different roles in visual perception. Neurones in the M
pathway show transient responses and are selective for
low spatial frequencies, high contrast sensitivity, high
sensitivity to low luminance stimuli, and have high
temporal frequency resolution. Neurones in the P path-
way are selective for medium and high spatial frequen-
cies, show sustained responses, colour-opponancy,
average sensitivity to luminance, and only moderate
temporal resolution (Kaplan & Shapley, 1982; Living-
stone & Hubel, 1988; Merigan & Maunsell, 1990;
Schiller, Logothetis & Charles, 1990). In the psycho-
physical domain, a similar distinction has been made in
the human visual system between sustained and tran-
sient channels which broadly resemble the properties of
cells in the M- and P-pathways. Psychophysical evi-
dence has shown that sustained channels are involved
in the extraction of information about colour and form,
and are optimally selective for medium to high spatial
frequencies that are highly sensitive to stationary or
slow moving stimuli. Transient channels make use of
visual information to determine the position and spatial
relationships among stimuli, and are optimally selective
for low spatial frequencies, and are highly sensitive to
fast moving and flickering stimuli. Transient channels
play a major role in the guidance of eye movements,
and in processing of visual information across eye
movements (Matin, 1974), as well as in shifts in visual
attention (Lennie, 1993; Steinman, Steinman & Garzia,
1996). Although there are many problems in simply
linking M and P cells with the dorsal and ventral
streams and together with the psychophysically deter-
mined transient and sustained channels, the notion that
there are two visual processing streams in the visual
system continues to be supported. In their review,
Kaplan, Lee & Shapley (1990) conclude that M cells
subserve flicker and motion detection and many aspects
of pattern perception and correspond in many aspects
to the luminance channel of psychophysics. Further-
more, they conclude that P cells carry information
about colour, fine detail at high contrast and that some
tasks require the input from both channels.
A number of recent studies have failed to find evi-
dence for differences in contrast sensitivity (Victor,
Conte, Burton & Nass, 1993; Gross-Glenn, Skuttun,
Glenn, Kushch, Lingua, Dunbar, Jallad, Lubs, Levin,
Rabin, Parke & Duara, 1995; Walther-Muller, 1995),
and in visible persistence in dyslexia (Walther-Muller,
1995). However, it is important to note that some
variability between studies may be expected because not
all children with dyslexia have a visual processing disor-
der (Slaghuis & Lovegrove, 1985). In this context,
Borsting, Ridder, Dudeck, Kelley, Matsui & Mo-
toyama (1996) recently found that in adults with
dyslexia the differences in contrast sensitivity are only
present in a group with dysphoneidesia, which is char-
acterised by both dyseidetic and dysphonetic dyslexia,
and not in a group with dyseidetic dyslexia. It is not
known whether differences in visual processing between
adults with dyseidetic and dysphoneidetic dyslexia are
also present at an earlier age. Although a large number
of studies have examined various aspects of visual
processing in dyslexia, few studies have used a conver-
gent evidence approach in which a number of visual
tasks that predominantly tap transient channel activity
are measured in a single sample of dyslexic subjects.
The present research used a convergent evidence ap-
proach to examine spatio-temporal contrast sensitivity,
coherent motion, and visible persistence in a single
sample of children with dyslexia and a matched control
group. In order to examine the findings of Borsting,
Ridder, Dudeck, Kelley, Matsui & Motoyama (1996) at
an earlier age, the dyslexic group results were also
analysed in terms of their identified status as members
of dyseidetic, dysphonetic and mixed (dysphoneidesic)
dyslexic subgroups.
2. Experiment 1: spatio-temporal contrast sensitivity in
dyslexia
The aim of this experiment was to investigate spatio-
temporal contrast sensitivity in a group of children with
developmental dyslexia and a matched normal reading
control group. Contrast sensitivity was measured for a
broad range of spatial frequencies (0.5, 2, 4 and 8 cd),
and temporal frequencies (standing, and 4, 8 and 16
Hz) in order to assess functioning in both sustained and
transient channels. As mentioned above, Borsting, Rid-
der, Dudeck, Kelley, Matsui & Motoyama (1996) ex-
amined contrast sensitivity in two groups of adult
dyseidetic and dysphoneidetic dyslexics. They found
that there were no differences in contrast sensitivity
W.L. Slaghuis, J.F. Ryan : Vision Research 39 (1999) 651–668 653
Table 1
Means and standard deviations for the test results in the dyslexic and control groups
Dyslexic t-test (N15)Control (N15) Pt-Test (df28)
Age
ns0.1011.4 (1.5)11.5 (2.3)Mean (SD)
8.0–15.5 8.9–14.3Range
Wisc-R full scale IQ
100.0 (8.6) 1.8 0.07106.1 (9.4)Mean (SD)
Range 90–120 87–116
Wisc-R verbal scale IQ
101.0 (11.1) 1.1Mean (SD) 105.8 (11.1) ns
89–124 85–122Range
Wisc-R performance scale IQ
99.0 (9.6) 1.9Mean (SD) 105.7 (8.5) 0.06
90–121 87–114Range
Neale analysis of reading ability. Mean reading age
0.00014.9Mean (SD) 12.9 (1.4) 8.0 (1.5)
7.9–12.9 6.0–11.6Range
Mean reading delay (years)
5.4 0.0001Mean (SD) 0.7 (1.3) 3.4 (1.2)
Castles test
0.5 (0.7) 9.1 (5.7) 5.4 0.001Regular words
3–230–2Range
6.4 0.001Irregular words 4.2 (1.8) 16.4 (5.5)
8–271–8Range
0.0016.3Non-words 2.3 (1.8) 15.7 (7.3)
Range 1–8 7–29
Westwood South Australian spelling test (spelling age)
0.00017.5 (1.2) 5.010.9 (2.1)Mean (SD)
8–15.6 6–9.9Range
between the control and dyseidetic groups, and that in
comparison to the control group contrast sensitivity
was significantly lower in the dysphoneidesic group.
Accordingly, the dyslexic group results were also
analysed in terms of dyseidetic, dysphonetic and mixed
(dysphoneidesic) dyslexic subgroups.
2.1. Methods
2.1.1. Criteria for selection of dyslexia
The dyslexic subjects were selected using criteria out-
lined by Stanley & Hall (1973) and were as follows: (a)
a reading delay of 2.5 years or more below that ex-
pected for their age level as measured by an appropriate
reading test; (b) average to above average intellectual
ability as measured by an appropriate individual intelli-
gence test and performance approximately equal to that
of normal readers in other academic subjects; (c) En-
glish as a first language in English speaking countries;
and (d) the absence of visual (ophthalmological and
orthoptic) and auditory impairments and gross be-
havioural or emotional problems. In addition to the
above selection criteria subjects were also assessed using
the WISC-R (Wechsler, 1974), the Neale Analysis of
Reading Ability (Neale, 1966), the South Australian
Spelling Test (Westwood, 1979), a Word and Non-
Word test (Castles, 1994) and the Boder Test of
Spelling Patterns (Boder & Jarrico, 1982).
2.1.2. Assessment of reading ability and intellectual
ability
Two groups of subjects were selected, a group of 15
boys with dyslexia, and a group of 15 normal readers
matched for age, sex and intellectual ability. The char-
acteristics of the groups can be seen in Table 1. The
mean reading delay in the table for each subject was
calculated by subtracting the mean reading age from
their chronological age. Performance on the subtests of
the WISC-R in the control and dyslexic groups are
shown in Table 2. All subjects had normal, or corrected
to normal, Landolt C visual acuity.
2.1.3. Assessment of dyseidetic, dysphonetic and mixed
groups
Each subject in the dyslexic group was independently
assessed using the Boder Test of Reading-Spelling Pat-
terns (Boder, 1970; Boder & Jarrico, 1982) which pro-
vides selection criteria for the classification of dyslexic
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Table 2
Means, standard deviations and t-test results for WISC-R scale subtests for the dyslexic and control groups arranged in Bannatyne’s conceptual,
spatial and sequential categories (Bannatyne, 1968)
Dyslexic (N15) t-Test (df28)WISC-R subtest Control (N15) P
Conceptual
11.0 (2.5) 7.7 (3.0) 3.2 0.005Information
ns0.510.1 (3.2)10.6 (1.9)Vocabulary
0.8 nsSimilarities 11.7 (3.4) 12.7 (2.7)
0.052.1Comprehension 9.6 (1.9) 11.6 (2.6)
Spatial
ns11.1 (2.3) 1.310.0 (1.8)Picture completion
11.6 (2.1) 0.1Block design 11.6 (2.8) ns
ns1.19.7 (2.4)10.8 (2.8)Object assembly
Sequential
9.0 (2.5) 2.3Arithmetic 0.0511.7 (3.5)
0.052.47.3 (2.0)9.2 (2.2)Digit span
6.7 (1.8) 4.9Digit symbol (coding) 10.2 (2.0) 0.001
ns0.5Picture arrangement 11.0 (3.9) 10.4 (3.2)
subjects into dyseidetic, dysphonetic and mixed (dy-
seidetic and dysphonetic) subgroups. This resulted in
three groups, a dyseidetic group with N5 subjects, a
dysphonetic group with N3 and a mixed group of
dyseidetic and dysphonetic N7 subjects. Separate
analysis of variance were conducted to investigate dif-
ferences between the control group and dyseidetic, dys-
phonetic and mixed dyslexic groups. There were no
significant differences between the groups in mean age,
[F(3, 26)0.6, P\0.05], Wisc-R Verbal IQ [F(93,
26)0.3, P\0.05], Performance IQ [F(3, 26)1.7,
P\0.05] and Full-Scale IQ [F(3, 26)1.8, P\0.05].
A comparison of the dyseidetic, dysphonetic and mixed
groups on WISC-R subtests showed that there were no
significant differences. The mean reading delays for the
dyseidetic group (4.0, SD1.4), dysphonetic group
(2.41, SD1.4), and mixed group (3.35, SD0.9)
were all significantly lower in comparison to the control
group. An analysis of variance was conducted on the
Castles (1994) regular, irregular and non-word reading
test subscales for the dyseidetic, dysphonetic, and mixed
subgroups. The results showed that the groupsread-
ing Subtest interaction was highly significant, [F(6,
52)5.3, P\0.0001]. The control group had low rates
of error in the regular (0.53, SD0.5), irregular (4.2,
SD1.8) and non-word (2.3, SD1.8) subtests. Post
hoc analysis using Tukey HSD corrected for sample
size showed that in comparison to the control group the
errors in reading in the dyseidetic group was signifi-
cantly higher on the regular (12.2, SD12.2), irregular
(14.8, SD7.5), and non-word (15.0, SD5.53) sub-
tests. The dysphonetic group performance was non-sig-
nificantly different from the control group for the
regular words (4.3, SD4.3), and with increases in
error for the irregular (9.6, SD5.7) and non-words
(11.6, SD6.6). The mixed dyslexic group showed
significantly more errors in comparison to the control
group in the regular (7.8, SD7.8), irregular (17.1,
SD4.3) and non-words (15.7, SD8.9). A similar
comparison between the dyseidetic, dysphonetic and
mixed groups showed that there was only one signifi-
cant difference, the reading of regular words was sig-
nificantly lower in the dysphonetic group in comparison
to the dyseidetic group.
2.1.4. Apparatus and stimuli
The apparatus consisted of an IBM 486 compatible
computer that controlled an Innisfree Image Generator
(Innisfree, Cambridge, MA.), and a Tektronix 608 X, Y
display oscilloscope with P31 phosphor that decays to
1% intensity within 0.25 ms after target stimulus offset.
The whole system was connected to a Stabilac Elec-
tronic AC Voltage Stabiliser. Stimulus presentation, the
collection of subject response, the calculation of con-
trast threshold and conversion to contrast sensitivity
values was entirely under computer control. The dimen-
sions of the X,Y display oscilloscope screen was 4.03°
horizontally by 3.36° vertically at a 1.7 m viewing
distance that was controlled by chin rest. The lumi-
nance of the stimulus display field was 24.7 cd:m2. The
oscilloscope display field sat within two surround
screens. The first surround, with an area of 18.5° hori-
zontal by 12.27° vertical, was adjacent to the display
field and was dimly front illuminated at 1.2 lux from
four occluded fluorescent light sources which were
housed within a second front projecting surround with
an external area of 26.3° horizontal and 20.3° vertical
and an internal area of 18.5° horizontal by 12.27°
vertical. The surround screens were matched to the
oscilloscope screen in colour (green, P31 phosphor).
Luminance levels were measured using a Tektronix
J6523-2 1° Narrow Angle Luminance Probe. The target
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stimuli in the present experiments were vertical sinu-
soidal gratings presented with a square-wave temporal
profile. In the present research Michelson’s measure of
contrast was used and is defined by the following
equation:
C (LmaxLmin):(LmaxLmin)
where Lmax is the luminance of the most intense part of
the bar and Lmin is the least intense part of the dark
bar.
2.1.5. Procedure
In the present experiments a temporal two-alternative
forced choice (2-AFC) procedure was used in order to
ensure that a relatively pure measure of sensitivity to
contrast was obtained in the absence of criterion effects
(Green & Swets, 1966). Contrast threshold was mea-
sured using a modified staircase procedure that mea-
sured target detection with an accuracy of 79.4% on a
psychometric function (Wetherill & Levitt, 1965). A
temporal two-alternative forced-choice procedure was
used in the present experiment with each trial having a
duration of 2000 ms and a continuous luminance of
24.7 cd:m2 throughout each trial. Each trial contained
two consecutively presented observation periods each
with a duration of 1000 ms and marked by a soft 30 ms
duration tone at the beginning of the first period and at
1000 ms which was the beginning of the second obser-
vation period. The end of the second observation peri-
ods was marked by a soft 60 ms tone with a lower
frequency. The duration of the target stimulus was 500
ms and was presented, in random order, at the onset of
the 30 ms tone in one of the two observation periods.
Thus, on any one trial the subject was presented with
two observation periods one of which contained the
target stimulus and the other contained an average
luminance blank field. Subject response was made on a
response pad with two response buttons positioned side
by side and assigned as observation period 1 and 2,
respectively. A response could be made at any time
during stimulus presentation and up to 10 s after the
completion of a trial before the next trial was automat-
ically initiated. The subject received no feedback about
performance on any trial, and was instructed to guess
when uncertain. Following dark adaptation, and prior
to testing, the subject was given a series of preliminary
practice trials that provided sufficient practice until
mastery of the task was achieved. In each case the
staircase procedure began with a stimulus contrast level
of 0.1 or 0.05 which was well above threshold, and after
each three consecutively correct responses decreased
with a 1.5 dB step size until the observer’s first error. At
this stage the first staircase reversal occurred and the
staircase procedure automatically switched to a 0.75 dB
step-size for the remaining eight staircase reversals. The
staircase went upwards whenever the subject made an
incorrect response and down after three correct re-
sponses. The first five staircase reversals were ignored
and only the last four staircase reversal contrast values
were averaged to calculate the contrast threshold. Data
are reported as contrast sensitivity which is the recipro-
cal of the threshold contrast. All viewing was binocular
and with natural pupils.
2.2. Results
The contrast sensitivity data were analysed using an
analysis of variance with one between measure (groups)
and with two repeated measures, spatial frequency (0.5,
2, 4 and 8 cd) and temporal frequency (0.0, 4, 8 and 16
Hz). All the main effects and two-way interactions were
highly significant (PB0.001), and the groupsspatial
frequency temporal frequency was also highly signifi-
cant, [F(9, 252)2.9, PB0.005]. In order to clarify the
role of spatial and temporal contrast sensitivity at
threshold in dyslexia the groupsspatial frequency
temporal frequency three-way interaction was further
analysed by conducting separate analysis of variance at
each temporal frequency, a procedure suggested by
Winer (1971). Accordingly, two-way analyses of vari-
ance was conducted on the contrast sensitivity data in
the two groups at each level of temporal frequency. Fig.
1a–d shows mean contrast sensitivity at each level of
temporal frequency in the groups. In each case the
groups and spatial frequency main effects and the
groupsspatial frequency interactions were highly sig-
nificant (PB0.005). Post hoc testing using Tukey HSD
showed that contrast sensitivity in the standing (0 Hz)
condition was significantly lower in the dyslexic group
at 2 and 4 cd, but not at 0.5 and 8 cd. Post hoc testing
also showed that at 4, 8 and 16 Hz the contrast
sensitivity in the dyslexic group was significantly lower
at 0.5, 2 and 4 cd, but not at 8 cd.
2.2.1. Contrast sensiti6ity in dyseidetic, dysphonetic and
mixed groups
Contrast sensitivity in the dyslexic group was exam-
ined by subdividing the group into dyseidetic, dyspho-
netic and mixed (dysphoneidetic) subgroups. An
analysis of variance with one between factor (groups),
and with repeated measures on two other factors (spa-
tial frequency, temporal frequency) revealed that the
groups, [F(3, 26)11.1, PB0.0001], spatial frequency,
[F(3, 78)65.2, PB0.0001], and temporal frequency,
[F(3, 78)57.6, PB0.0001] main effects were all sig-
nificant. The groupsspatial frequency, [F(9, 78)
5.2, PB0.0001], groups temporal frequency, [F(9,
78)4.4, PB0.0001], spatial frequency temporal fre-
quency, [F(9, 78)19.5, PB0.0001], and the groups
spatial frequency temporal frequency, [F(27,
234)1.8, PB0.01], were also all significant. The
three-way interaction was further analysed by conduct-
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Fig. 1. Contrast sensitivity functions obtained for standing gratings, and for counterphase flickering gratings at temporal frequencies of 4.0, 8.0
and 16.0 Hz as a function of spatial frequency in the control and dyslexic groups.
ing separate analysis of variance at each temporal
frequency as suggested by Winer (1971). Fig. 2 shows
the contrast sensitivity functions for the dyseidetic,
dysphonetic, mixed and control groups as a function of
temporal frequency. At each temporal frequency the
groups (PB0.005), spatial frequency main effects (PB
0.005), and the groupsspatial frequency interactions
were significant (PB0.01). Post hoc Tukey HSD tests
for unequal groups sizes showed that at 0 Hz there were
no differences in contrast sensitivity between the con-
trol and dyseidetic groups. In comparison to the con-
trol group contrast sensitivity was significantly lower in
the dysphonetic and mixed groups at 2 and 4 cd. The
only other difference was that the dysphonetic and
mixed groups showed lower contrast sensitivity at 4 cd
in comparison to the dyseidetic group. Post hoc testing
at 4 Hz showed that there were no significant differ-
ences in contrast sensitivity between the control, dy-
seidetic and dysphonetic groups. The only other
significant difference was that in comparison to the
control group contrast sensitivity in the mixed dyslexic
group was significantly lower at 0.5 and 2 cd. Post hoc
testing at 8 Hz showed that was no significant differ-
ence in contrast sensitivity between the control and
dyseidetic groups. In comparison to the control group,
contrast sensitivity was significantly lower at 0.5 and 2
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Fig. 2. Contrast sensitivity functions obtained for standing gratings, and for counterphase flickering gratings at temporal frequencies of 4.0, 8.0
and 16.0 Hz as a function of spatial frequency in the control group, and dyseidetic, dysphonetic and mixed dyslexia subgroups.
cd in the dysphonetic group and mixed groups. Post
hoc testing at 16 Hz again showed that there were no
differences in contrast sensitivity between the control,
dyseidetic and dysphonetic groups. However, in com-
parison to the control group, there was a significant
reduction in contrast sensitivity at 0.5 and 2 cd in the
mixed subgroup.
3. Experiment 2: coherent motion in dyslexia
Cornellisen, Richardson, Mason, Fowler & Stein
(1995) and Eden, Van Meter, Rumsey, Maisog, Woods
& Zeffiro (1996) used random dot kinematograms to
investigate the perception of coherent global motion
and found a significant reduction in sensitivity in
dyslexia. Coherent global motion is measured using a
number of randomly distributed bright dots that are
briefly flashed in one set of positions and are than
flashed in new positions, and so on for a number of
frames. The dots are composed of two populations. The
first population consists of dots that move in a common
(target signal) direction across successive frames. If
each dot in this population is changed incrementally by
the same distance and in the same direction in a serially
presented set of frames the dots will appear to move
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smoothly in the same direction. In the second popu-
lation the change in direction of each of the dots is
randomised such that their appearance across serially
presented frames appear to move incoherently. The
dependent measure in these experiments is the mini-
mum number of coherently moving dots that allow
the observer to reliably detect the direction of global
motion. The usefulness of such random dot displays
is that they measure motion perception in the ab-
sence of information about structure or form in or-
der to determine the range of local directions that
can be integrated by the visual system into a global
perception of motion in a single direction. In addi-
tion, the coherent motion task is known to engage
M cells in area V5 (middle temporal). Thus, the per-
ception of coherent motion can be used to further
test the transient channel disorder in dyslexia. In this
context, Cornellisen, Richardson, Mason, Fowler &
Stein (1995) found that children with dyslexia show
significantly less sensitivity to coherent global mo-
tion, and similarly, Eden, Van Meter, Rumsey,
Maisog, Woods & Zeffiro (1996) using functional
magnetic resonance imaging showed that the visual
motion area MT failed to activate. Cornellisen,
Richardson, Mason, Fowler & Stein (1995) used sep-
arate groups of dyslexic subjects to investigate con-
trast sensitivity and coherent motion. The present
experiment investigates whether the difference in con-
trast sensitivity and coherent motion coexist in
dyslexia, and whether there are consistent differences
in contrast sensitivity and coherent motion in dy-
seidetic, dysphonetic and mixed dyslexic subgroups.
One potential problem in the measurement of coher-
ent motion is that the subject may complete the task
by attempting to simply track a single coherently
moving target dot stimulus. In order to reduce the
possibility of enhanced processing being a conse-
quence of pursuit eye movement which would reduce
the spatial interval on the retina (Snowden & Brad-
dick, 1989), the stimuli dots in the present experi-
ments had a limited life span irrespective of whether
their motion was correlated between frames or not.
Thus, in the present experiment the coherent dots
jumped coherently for only three steps after which
they became random (Edwards & Badcock, 1994).
3.1. Methods
3.1.1. Subjects
The subjects in the present experiment were the
same as those who participated in Experiment 1.
3.1.2. Apparatus and stimuli
The stimuli were displayed on a Super-VGA moni-
tor with a horizontal and vertical screen size of 16.4
and 12.1° of visual angle respectively and which was
driven by a visual stimulus generator (Cambridge
Research Systems VSG:3), in a host PC 80386 com-
puter. The Super-VGA monitor had a measured
frame rate of 10 ms. Stimulus presentation, the col-
lection of subject response and statistical summary of
the data was under the control a 486SX IBM com-
patible computer. Observer responses were made us-
ing a four button response pad. Viewing distance
was held constant at 95 cm and was controlled by a
chin rest. The viewing aperture was 16.4° high by
12.1° wide at a viewing distance of 95 cm. The stim-
uli consisted of an eight-frame global dot motion se-
quence each with a stimulus duration of 50 ms. No
inter-frame stimulus duration was used giving a trial
duration, or stimulus duration of 400 ms. The di-
ameter of each dot was 0.07°, and the spatial step-
size was 0.77° which translates into a stimulus speed
of 6.2° during the 400 ms observation period, and
also translates into a stimulus speed of 15.5 °:s. All
luminance levels were measured using a Tektronix
J6523-2 1° Narrow Angle Luminance Probe. The
monitor surround had low luminance level of 0.4 cd:
m2. The luminance of each dot was 40.7 cd:m2, and
the background luminance of the stimulus display
was 1.4 cd:m2. This gave a Michelson contrast of
0.93 for each dot, and a Weber contrast of 28.0.
The number of dots were either 200, 400 or 600
which translates into a dot density of 1.0, 2.0 and
3.0 dots:deg2, respectively. The number of coherent
motion steps following which the dots were ran-
domised was three. The performance of the coher-
ence motion task improves with increasing contrast
of each dot, up to about 20% Weber contrast, after
which performance becomes stable (Edwards & Bad-
cock, 1994, 1995).
3.1.3. Procedure
A single-interval four-alternative forced-choice pro-
cedure (4-AFC) was used to measure the threshold
for the perception of coherent motion. The direction
of motion of the coherently moving dots was ran-
domised to be either ‘up’, ‘down’, ‘left’ or ‘right’.
Threshold was measured using a staircase procedure
that estimated the 79.4% correct performance level
on a psychometric function (Wetherill & Levitt,
1965). Thus, on most trials the observer was pre-
sented with a stimulus display that contained two
populations of dots, one population of dots moved
randomly, and a second population of dots which
moved coherently. Observer response was made on a
response pad with four response buttons positioned
in a diamond shape to correspond to the four possi-
ble directions of the target stimuli. The observer
could make a response at any time during stimulus
presentation and up to 10 s after the completion of
the trial before the next trial was automatically ini-
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tiated. The observer received no feedback about perfor-
mance on any trial. Each observer was instructed to
guess when uncertain. Prior to testing each observer
was given a series of preliminary practice trials until
mastery of the task was achieved. In each condition the
staircase procedure began with a global motion stimu-
lus of 100%, and after each three consecutively correct
responses there was a step size with an increase in
random dots of 10% until the observer’s first error. At
this stage the first staircase reversal occurred and the
staircase procedure continued with another five rever-
sals. Following the sixth reversal the staircase proce-
dure automatically switched to a smaller step-size of 2%
for the remaining 6 staircase reversals. The staircase
went upwards whenever the subject made an incorrect
response and down after three correct responses. The
first six staircase reversals were ignored and only the
last six staircase reversal values were averaged to calcu-
late the threshold for coherent movement. All viewing
was binocular and with natural pupils. The dependent
measure in the present experiment was the threshold for
coherent motion measured at three levels of dot density.
3.2. Results
The results were analysed using an analysis of vari-
ance with one between measure (groups), and one
repeated measure (dot density). The groups main ef-
fect was significant, [F(1, 28)7.9, PB0.01], and
demonstrated that the threshold for the perception of
coherent motion was significantly higher in the
dyslexic group. The dot density main effect was non-
significant, [F(2, 56)1.6, P\0.05], and demon-
strated that dot density had no effect on performance
in the range used in the present experiments. The
groupsdot density interaction was also non-signifi-
cant, [F(2, 56)0.51, P\0.05], and demonstrated
that there were no differences between the groups in
the three dot density conditions. The present results
show that a reduction in threshold for contrast sensi-
tivity is associated with a reduction in sensitivity for
coherent motion in dyslexia.
An analysis of variance was also conducted to ex-
amine coherent motion in control, dyseidetic, dyspho-
netic and mixed groups. Mean threshold for the
perception of coherent motion in the control and
dyslexic groups are shown in Fig. 3. The results
showed that there was a significant groups main ef-
fect, [F(3, 226)3.5, PB0.03]. Post hoc analysis us-
ing Tukey HSD for unequal group sizes revealed one
difference only, in comparison to the control group
the threshold for the perception of coherent motion
in the mixed (dysphoneidetic) group was significantly
higher. The dot density main effect, [F(2, 52)1.16,
P\0.05], and groupsdot density interaction, [F(6,
52)1.0, P\0.05], were both non-significant.
4. Experiment 3: Ternus apparent motion as a measure
of visible persistence in dyslexia
Visible persistence is a suprathreshold phenomena
that may be defined as ‘any continued visible response
to a stimulus after stimulus offset that is phenomenally
indistinguishable from that occurring during the actual
presence of the stimulus’ (Haber & Standing, 1970). It
is now well established that the duration of visible
persistence increases linearly as a function of increasing
spatial frequency in normal children and adults (Love-
grove & Brown, 1978; Bowling & Lovegrove, 1980). In
contrast, for dyslexic readers the duration of visible
persistence has been found to be consistently longer at
low spatial frequencies and often shorter at high spatial
frequencies, revealing a relatively shallow increase of
visible persistence as a function of increasing spatial
frequency compared to normal readers (Lovegrove,
Heddle & Slaghuis, 1980; Badcock & Lovegrove, 1981;
Slaghuis & Lovegrove, 1985, 1986a; Slaghuis, Love-
grove & Davidson, 1993). Research has also shown that
the duration of visible persistence is related to reading
performance in dyslexia (Slaghuis, Lovegrove & David-
son, 1993). Lovegrove and colleagues explained the
longer durations of visible persistence at low spatial
frequencies in dyslexia in terms of a transient channel
disorder (Slaghuis & Lovegrove, 1984; Lovegrove, Mar-
tin & Slaghuis, 1986). In the present experiments the
role of visible persistence in dyslexia was investigated
by using an apparent motion task which has an empir-
ical link with visible persistence and a theoretical link
with sustained and transient channels (Breitmeyer &
Ritter, 1986a,b; Petersik, 1989).
When an object is continuously displaced across the
retina real motion is experienced, but if the object’s
displacement is discontinuous or intermittent and mo-
tion is observed it is referred to as apparent motion in
recognition that no real motion has occurred (Anstis,
1978). Ternus (1938) apparent motion involves the suc-
Fig. 3. Threshold for coherent motion with dot densities of 1.0, 2.0
and 3.0 dots:deg2 in the control group, and dyseidetic, dysphonetic
and mixed dyslexic subgroups as well as the average for the three
dyslexic subgroups.
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Fig. 4. The Ternus display.
in groups with dyseidetic, dysphonetic, and mixed
dyslexic subgroups.
4.1. Methods
4.1.1. Subjects
The subjects were those who participated in Experi-
ment 1 and 2.
4.1.2. Apparatus and stimuli
The stimuli were displayed on a Super-VGA monitor
with a horizontal and vertical screen size of 16.4 and
12.1° of visual angle respectively and which was driven
by a visual stimulus generator (Cambridge Research
Systems VSG:3), in a host PC 80386 computer. The
Super-VGA monitor had a measured frame rate of 10
ms. Stimulus presentation, the collection of subject
response and statistical summary of the data was under
the control of a 486SX IBM compatible computer.
Each element of the Ternus display measured 0.42 by
0.42° of visual angle with a 1.8° distance between the
elements of each frame. The linear length of the stimuli
was 6.6°. The luminance of the white background was
42.4 cd:m2, and that of the elements was 10.8 cd:m2
giving a stimulus contrast of 0.6. Luminance was mea-
sured using a Tektronix J6532 1° narrow angle lumi-
nance probe. Observer response was made using a two
button response pad, one each for ‘element’ and ‘group’
movement. Viewing distance was held constant at 95
cm and was controlled by a chin rest.
4.1.3. Procedure
Experiments 3a and 3b were conducted in a ran-
domised order. Ternus apparent movement was mea-
sured at seven interstimulus intervals, 10–70 ms in 10
ms steps. There were 20 trials at each ISI and the order
of ISIs was randomised. A method of constant stimuli
was used with 20 trials at each ISI making a total of
280 trials in Experiments 3a and 3b. Subject response
was made on a response pad, with two buttons, one for
‘element’ movement and the other for ‘group’ move-
ment. Subjects were instructed to fixate on a small
fixation point in the middle of the stimulus screen and
not to move their eyes to the stimulus sequence which
appeared in random sequence either above or below the
fixation point. Subjects were given standard instruc-
tions and sufficient practice for mastery of the task. All
subjects were tested individually in a darkened room
with an average illuminance of 0.6 lux. Testing was
binocular with natural pupils. The response frequency
to group and element movement was the dependant
measure. It has become a convention to report and
display the results of Ternus apparent movement exper-
iments in terms of ‘group movement’ (Breitmeyer &
Ritter, 1986a,b). This convention has been adopted in
the present research in order to facilitate comparisons
with the research literature.
cessive presentations of two overlapping frames, each
consisting of three equidistant and horizontally arrayed
elements (see Fig. 4). The only difference between frame
1 and 2 is that the second frame’s three elements have
all been moved by one element to the right. Thus, when
presented in succession the first frame’s central and
right elements are aligned with the second frame’s left
and central elements. The Ternus display is multistable
because depending on the interstimulus interval (ISI)
between the two frames the observer sees one of two
mutually exclusive percepts. First, with ISIs less than
approximately 50 ms between frames 1 and 2, ‘element
movement’ is observed (Fig. 4b). In ‘element move-
ment’ the left outer element of frame 1 is seen to move
in apparent movement across the central elements to
the right most element of frame 2 (Pantle & Picciano,
1976). Second, with ISIs greater than approximately 50
ms between frames 1 and 2 ‘group movement’ is ob-
served (Fig. 4c), that is, the stimulus elements are seen
to be moving back and forth as a group. However, it is
important to note that the change from ‘element’ to
‘group’ movement is dependent upon a number of
stimulus variables such as stimulus duration and ele-
ment size (Breitmeyer & Ritter, 1986a,b). In particular,
research has shown that stimulus duration plays a
major role in the relative proportions of the perception
‘group’ and ‘element’ movement in the Ternus display
(Breitmeyer & Ritter, 1986a,b). Furthermore, the un-
published results of a study of apparent movement in
dyslexia by Patterson, Cayko & Flannagan (1989)
which was reported by Winters, Patterson & Shontz,
(1989) found that at stimulus durations which approxi-
mate a fixation duration in reading, the dyslexic sub-
jects perceived element related apparent movement at
abnormally long ISIs. Accordingly, the aim of Experi-
ment 3 was to indirectly measure the duration of visible
persistence using the Ternus display with a stimulus
duration of 40 ms in Experiments 3a and 120 ms in
Experiment 3b in the same sample of subjects used in
Experiments 1 and 2. In addition, the results were also
analysed to examine the duration of visible persistence
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Fig. 5. Mean Ternus ‘group apparent movement’ as a function of interstimulus interval (in ms) in the control group, and dyseidetic, dysphonetic
and mixed dyslexic subgroups. (A) Ternus apparent movement measured with a stimulus duration of 40 ms. (B) Ternus apparent movement
measured with a stimulus duration of 120 ms.
4.2. Results
4.2.1. Experiment 3a: apparent mo6ement with a stimulus
duration of 40 ms
The raw data were the number of group-move-
ment responses out of 20 trials at each ISI. Fig. 5a
shows mean group movement as a function of ISI in
the control and dyslexic groups. The results were
analysed using an analysis of variance with one be-
tween measure (groups), and one repeated measure
(ISI). The groups main effect was significant, [F(1,
28)5.5, PB0.05], and demonstrated that the dura-
tion of visible persistence was significantly longer in
the dyslexic group. The ISI main effect was signifi-
cant, [F(6, 168)329.8, PB0.001], and demon-
strated that group movement increased as a function
of increasing ISI. The groupsISI interaction was
also significant, [F(6, 168)2.3, PB0.05]. Post hoc
analysis using planned comparisons revealed that
there was significantly reduced group-movement in
the dyslexic group at ISIs from 30 ms to 60 ms in-
clusive.
An analysis of variance was conducted to examine
the duration of visible persistence in the control, dy-
seidetic, dysphonetic and mixed groups resulted in a
significant groups main effect, [F(3, 26)3.4, PB
0.05]. Post hoc analysis using Tukey HSD for un-
equal group sizes showed that there were no
differences between the control, dyseidetic and dys-
phonetic groups. The only significant difference was
that in comparison to the control group the percep-
tion of Ternus group apparent movement in the
mixed (dysphoneidetic) group was significantly lower,
or alternatively, element movement was significantly
higher. The ISI main effect was significant, [F(6,
156)231.9, PB0.0001), and showed that the mean
perception of group apparent movement increased as
a function of ISI. The groupsISI interaction was
non-significant, [F(18, 156)1.2, P\0.05].
4.2.2. Experiment 3b: apparent mo6ement with a stimulus
duration of 120 ms
The raw data were the number of group-movement
responses out of 20 trials at each ISI. Fig. 5b shows
mean group movement as a function of ISI in the
control and dyslexic groups. The results were analysed
using an analysis of variance with one between measure
(groups), and one repeated measure (ISI). The groups
main effect was non-significant, [F(1, 28)2.5, P\
0.05], and demonstrated that with a stimulus duration
of 120 ms there was no significant difference between
the groups in the duration of visible persistence. The
ISI main effect was significant, [F(6, 168)50.6, PB
0.001]. This demonstrated that group movement in-
creased as a function of increasing ISI. The
groupsISI interaction was non-significant, [F(6,
168)0.4, P\0.05].
An analysis of variance was conducted to examine
the duration of visible persistence in the control, dy-
seidetic, dysphonetic and mixed groups resulted in a
non-significant groups main effect, [F(3, 26)1.5, P\
0.05]. Thus, there were no differences between the
control, dyseidetic, dysphonetic and mixed groups in
visible persistence. The ISI main effect was significant,
[F(6, 156)46.4, PB0.0001), and showed that the
mean perception of group apparent movement in-
creased as a function of ISI. The groupsISI interac-
tion was non-significant, [F(18, 156)1.2, P\0.05].
4.3. Discussion
4.3.1. Contrast sensiti6ity in dyslexia
The present experiments investigated the transient
channel disorder in a group of children with dyslexia.
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Significant among the findings in Experiment 1 were
the following. First, there was a significant reduction
in contrast sensitivity in the dyslexic group for stand-
ing pattern contrast sensitivity at 2 and 4 cd, but no
differences at 0.5 and 8 cd. In addition, the dyslexic
group also showed significantly lower contrast sensi-
tivity for 4, 8 and 16 Hz counterphase flickering grat-
ings for spatial frequencies between 0.5 and 4 cd, and
no differences in contrast sensitivity with temporal
frequencies of 4, 8 and 16 Hz at 8 cd. Second, an
analysis of contrast sensitivity in dyseidetic, dyspho-
netic and mixed subgroups showed that there were no
significant differences in contrast sensitivity between
the control and dyseidetic groups. In comparison to
the control group, there were significant reductions in
contrast sensitivity at 2 and 4 cd at 0 Hz, and at 0.5
and 2 cd at temporal frequencies of 4, 8, and 16 Hz
in the dysphonetic and mixed dyslexic groups. There
were no substantial differences in contrast sensitivity
in comparisons between the three dyslexic subgroups.
In order to examine the present results in relation
to transient and sustained channels it is necessary to
define the limits and overlap of the two channels. In
this context, Breitmeyer (1992) notes that recent elab-
orations of the transient and sustained channel model
as a consequence of advances in physiological re-
search ‘have revealed a noticeable heterogeneity
within both the transient as well as the sustained sys-
tems’ Breitmeyer (1992) notes that in the temporal
domain the sustained-transient channel model is dis-
tinguished by a high temporal frequency transient sys-
tem and a low temporal frequency sustained system.
In the spatial domain, Legge (1978) proposed that the
transient system consists of a low-pass spatial fre-
quency channel, and a sustained system which is
made up of multiple band-pass spatial frequency spe-
cific channels with an operating range that spans
from low spatial frequencies of approximately 1.5 cd
to the limit of visual resolution. The research that is
relevant to determining a transition point, where sen-
sitivity switches from transient to sustained channels,
has shown that this most likely occurs at approxi-
mately 3.0 cd (Legge, 1978; Wilson, 1980; Green,
1981). This characterisation of transient and sustained
channels is also consistent with recent findings about
the operation of the magnocellular and parvocellular
pathways. The high gain magnocellular pathway sys-
tem has only about one-third the spatial resolution of
the P system and seems to be well suited for the
detection of gratings with low to medium spatial fre-
quencies (Kaplan, Lee & Shapley, 1990; Van Essen,
Anderson & Felleman, 1992; Shapley & Perry, 1986),
whereas the parvocellular pathway processes grating
patterns over the full range of spatial frequencies up
to the acuity limit (Lennie, Trevarthen, Waessle &
Van Essen, 1989; Van Essen, Anderson & Felleman,
1992). Recent neurophysiological studies that have
used chemically induced lesions such as acrylamide
monomer (Merigan & Eskin, 1986; Merigan, 1989),
or ibitenic acid (Merigan & Maunsell, 1990), show
that lesions in parvocellular neurones affect contrast
sensitivity at high spatial frequencies and low tempo-
ral frequencies (Merigan, 1989), whilst lesions of mag-
nocellular neurones affect contrast sensitivity
primarily at low spatial frequencies and high temporal
frequencies (Merigan & Maunsell, 1990). On the as-
sumption that the transition point in sustained and
transient channels and in magnocellular and parvocel-
lular pathways occurs at about 3.0 cd the following
conclusions may be drawn from the present results.
The results of Experiment 1 showed that contrast
sensitivity for stationary gratings was significantly
lower in the dyslexic group at spatial frequencies of 2
and 4 cd, and not at 0.5 and 8 cd. This finding is
consistent with those originally found by Lovegrove,
Bowling, Badcock & Blackwood (1980) who measured
contrast sensitivity as a function of a range of stimu-
lus durations from 40 to 1000 ms. They found that at
an exposure duration of 500 ms there were no differ-
ences in contrast sensitivity at low and high spatial
frequencies in the dyslexic group, and no peak in the
contrast sensitivity function at 4 cd. In addition to
the differences in stationary pattern contrast sensitiv-
ity, the present results also showed that there were
significant reductions in contrast sensitivity at spatial
frequencies between 0.5 and 4 cd at temporal fre-
quencies of 4, 8 and 16 Hz, and not at any temporal
frequency at 8 cd. Since transient channels mediate
visual information about rapid temporal change at
low spatial frequencies, the present results provide
support for differences in this system as originally
proposed by Lovegrove and colleagues (Lovegrove,
Bowling, Badcock & Blackwood, 1980; Lovegrove,
Martin & Slaghuis, 1986; Martin & Lovegrove, 1987,
1988), and more recently by Cornellisen, Richardson,
Mason, Fowler & Stein (1995), Felmingham & Jacob-
son (1995), Livingstone, Rosen, Drislane & Gal-
aburda (1991), Kubova, Kuba, Peregrin & Novakova
(1995), Eden, Van Meter, Rumsey, Maisog, Woods &
Zeffiro (1996). According to Kelly & Burbeck (1984)
the similarities between the spatio-temporal threshold
surface and the responses of single ganglion cells sug-
gest that the shape of the spatio-temporal threshold
surface may be determined in the retina. Thus, the
locus of the differences in spatio-temporal contrast
sensitivity in the dyslexic group in the present re-
search may first appear at precortical levels of visual
processing (Livingstone, Rosen, Drislane & Gal-
aburda, 1991). In terms of its effect on visual process-
ing in dyslexia it may also be concluded that a
low-level visual processing disorder in transient chan-
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nels is likely to affect visual tasks such as the perception
of brightness discrimination, motion, depth perception,
and in many visual integration tasks (Lovegrove, Bowl-
ing, Badcock & Blackwood, 1980). Furthermore, since
transient channels are also considered to have temporal
precedence in order to accomplish an initial global
analysis of the visual scene, a disorder in transient
channels is likely to affect the localisation of objects in
visual space, the direction of visual attention (Lennie,
1993; Steinman, Steinman & Garzia, 1996), the control
of eye movement (Eden, Stein, Wood & Wood, 1994)
and various kinds of visuomotor reaching.
4.3.2. Coherent motion in dyslexia
The findings of Experiment 2 revealed that threshold
for the perception of coherent motion was significantly
higher, or alternatively, there was a significant reduc-
tion in sensitivity to coherent motion in the group with
dyslexia. An analysis of coherent motion in the dyseide-
tic, dysphonetic and mixed subgroups of dyslexia
showed that in comparison to the control group the
threshold for the perception of coherent motion in the
mixed (dysphoneidetic) group was significantly higher.
Since the subjects in Experiments 1 and 2 were the
same, the reduction in spatio-temporal contrast sensi-
tivity and coherent motion provide convergent evidence
for a transient channel disorder. The present results
also support the findings by Cornellisen, Richardson,
Mason, Fowler & Stein (1995) who showed that chil-
dren with dyslexia show significantly less sensitivity to
coherent motion at threshold. More recently research
by Eden, Van Meter, Rumsey, Maisog, Woods & Ze-
ffiro (1996) using fMRI technique measured motion
sensitivity in dyslexia using a stimulus velocity task.
Their control subjects all showed bilateral motion sensi-
tivity in a search volume surrounding area V5:MT. In
contrast, no activation was detected in any of the
dyslexic subjects in the same search volume, except for
the unilateral activation in one subject. Their results
also showed normal activation for stationary patterns
in both posterior occipital cortex (V1:V2) and extrastri-
ate visual areas (Inferior Temporal and Fusiform
Gyrus). However, a recent study by Vanni, Ussitalo,
Kiesila & Hari (1997) using whole-scalp neuromagnetic
recording showed that apparent- motion elicited similar
elevations in V5 in both the dyslexic and control
groups. The results of Experiment 2 support the view
that there is a reduction in visual processing in V5 in
dyslexia but that it is not out. Taken together, the
evidence from Experiment 2 and the findings by Cor-
nellisen, Richardson, Mason, Fowler & Stein (1995)
and Eden, Van Meter, Rumsey, Maisog, Woods &
Zeffiro (1996) predict that differences should also be
found in various kinds of eye movement in dyslexia,
such as pursuit eye movement (Eden, Stein, Wood &
Wood, 1994) which involve magnocellular pathways.
4.3.3. Visible persistence in dyslexia
Experiment 3 measured Ternus apparent movement
in the groups as an indirect measure of the duration of
visible persistence. The results showed that the percep-
tion of Ternus ‘group’ apparent movement measured
with a stimulus duration of 40 ms was significantly
reduced in dyslexia, or alternatively, the duration of
‘element’ apparent movement was significantly longer
in dyslexia. In addition, Ternus apparent movement
measured with a stimulus duration of 120 ms resulted
in no differences between the groups. Petersik & Pantle
(1979) were the first to suggest that the processes that
mediate element and group movement in the Ternus
display parallel the properties of ‘transient’ and ‘sus-
tained’ channels respectively. Breitmeyer & Ritter
(1986a,b) support this view, and in addition, emphasise
that it is pattern visible persistence which plays a deter-
mining role in which percept dominates in Ternus
apparent movement. They argue that during the cycling
of the successive frames in the Ternus display the
spatially overlapping central elements are temporally
integrated by pattern visible persistence. In addition,
Breitmeyer & Ritter (1986a,b) argue that since pattern
visible persistence relies on sustained channel responses,
increased levels of element movement should be ex-
pected when sustained channel activity is dominant.
Similarly, insofar as sustained channel pattern persis-
tence is suppressed by strong transient activity it is
expected that group movement should increase as tran-
sient channel activity becomes increasingly dominant
(Breitmeyer & Ritter, 1986a,b). Thus, a longer duration
of visible persistence leads to a longer period of integra-
tion and an increase in the perception of element move-
ment, or alternatively, a decrease in the perception of
group movement. The results showed that the percep-
tion of Ternus ‘group’ apparent movement measured
with a stimulus duration of 40 ms was significantly
reduced in dyslexia. This finding supports the research
which has shown that the duration of visible persistence
is longer in children and adults with dyslexia (Petersik
& Pantle, 1979; Lovegrove, Heddle & Slaghuis, 1980;
Badcock & Lovegrove, 1981; Di Lollo, Hansen &
McIntyre, 1983; Slaghuis & Lovegrove, 1984, 1985,
1986a,b; Winters, Patterson & Shontz, 1989; Slaghuis,
Lovegrove & Davidson, 1993; Slaghuis, Twell &
Kingston, 1996). Few studies have examined apparent
movement in dyslexia. In a series of case studies McFie
(1952) measured simple apparent movement in children
and adults with dyslexia. He found that a noteworthy
feature of their performance was that the majority of
subjects reported little or no perception of apparent
movement. More recently, the unpublished results of a
study of apparent movement in dyslexia by Patterson,
Cayko & Flannagan (1989) were reported by Winters,
Patterson & Shontz (1989). Patterson, Cayko and Flan-
nagan found that at stimulus durations which approxi-
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mate a fixation duration in reading, the dyslexic sub-
jects perceived element related apparent movement at
abnormally long ISIs and this was attributed to an
increase in the duration of visible persistence. The
results of Experiment 3a in which Ternus apparent
movement was measured with a 40 ms stimulus dura-
tion are consistent with this interpretation. The results
of Experiment 3b (Fig. 5b) show that although the
dysphonetic and mixed groups experienced less group
movement these differences were not statistically signifi-
cant. The finding may be explicable in terms of research
which shows that stimulus durations longer than 80 ms
have little effect on Ternus apparent movement (Peter-
sik, 1989).
Braddick (1980) argued that the central elements in
the Ternus display provide a ‘stationary’ signal to a
directionally selective motion system. In this context,
Slaghuis, Twell & Kingston (1996) have proposed that
the longer durations of visible persistence in dyslexia
may serve to lock visual stimuli in place over a longer
time period and signal their immobility to the move-
ment system with one of its consequences being a
reduction in temporal resolution. Furthermore, the
longer durations of visible persistence may result in the
presence of spurious ‘element like’ apparent movement
between stimuli within a fixation period, as well as in
the integration of visual information across eye move-
ment sequences. The possibility of this kind of spurious
movement is consistent with the frequent personal ac-
counts from a number of those who suffer from
dyslexia and who frequently report stimuli jumping
around on the page (Jackson, 1976), as well as research
evidence which provides experimental evidence for
these subjective reports. For example, Rayner, Murphy,
Henderson & Pollatsek (1989) describe the case of a 40
year old university professor (SJ) who was diagnosed as
a developmental dyslexic when he was a teenager. Their
investigation indicated that SJ suffered from a selective
attention deficit in which letters from words in
parafoveal vision interfere with processing of the cur-
rently fixated word. Rayner, Murphy, Henderson &
Pollatsek (1989) argued that this visual processing dis-
order occurs below the level of word meaning. When
SJ’s parafoveal vision was restricted using a moving
window paradigm his reading performance was better
than when the entire line of text was present. Recent
research by Hill & Lovegrove (1993) has also provided
further evidence for the difficulties that dyslexics experi-
ence in the processing of visual information in fixation
and eye movement sequences.
4.3.4. Visual processing in dyseidetic, dysphonetic, and
mixed (dysphoneidetic) dyslexia
A distinction in acquired dyslexia has been made
between phonemic, phonological and surface (or visual)
dyslexia based largely upon the types of reading errors
(Coltheart, 1980). The surface dyslexic can process non-
words and regular words but is relatively less able to
process exception words. The phonological dyslexic is
more able to process words, but is unable to process
non-words. Research has also focused on whether the
reading and spelling patterns found in acquired dyslexia
are evident in developmental dyslexia. The findings
indicate that developmental dyslexia is not a homoge-
neous condition, with some children having a difficulty
only with the acquisition of grapheme-to-phomeme cor-
respondence rules, whilst others only show a difficulty
with the recognition of words as entire orthographic
units. Boder (1973) found phonemic-linguistic and vi-
sual-perceptual subgroups in dyslexia which she re-
ferred to as dysphonetic and dyseidetic to refer to
auditory versus visual types of errors. Dysphonetic
dyslexia is characterised by misspellings in the ‘known’
and ‘unknown’ word lists that are phonetically inaccu-
rate. The dysphonetic pattern reflects strength in the
visual gestalt function and weakness in the auditory
analytic function which results in difficulty integrating
symbols with their sounds. Dyseidetic dyslexia is char-
acterised by correct spelling of known and unknown
phonetic words only and is determined by performance
on the decoding of word inventories. The dyseidetic
reading-spelling pattern reflects strength in phonic anal-
ysis and a relative weakness in the visual gestalt func-
tion. Boder (1973) describes this group as reading
slowly, as if seeing each word for the first time and have
poor memories for the visual configurations of letters
and words. Mixed (dysphoneidetic) dyslexia is charac-
terised by a limited sight vocabulary and very poor
spelling with the exception of only a few words in their
known sight vocabulary and their misspellings are
bizarre which reflects very poor phonetic skills. The
reading-spelling patterns of the mixed (alexic) subtype
points to a weakness in both the visual gestalt and
analytic functions. Research by Lovegrove and col-
leagues into the visual processes that underlie dyslexia
revealed that in a sample of 61 children with dyslexia
there were 46 (75.4%) with evidence for a visual deficit
and 15 (24.6%) with no evidence for a visual deficit
(Slaghuis & Lovegrove, 1985; Lovegrove, Martin &
Slaghuis, 1986). In addition, their research also pointed
to a relationship between a transient channel disorder
and disorders in phonological awareness and recoding
(Lovegrove, McNicol, Martin, Mackenzie & Pepper,
1988; Lovegrove, 1993; Slaghuis, Lovegrove & David-
son, 1993). Borsting, Ridder, Dudeck, Kelley, Matsui &
Motoyama (1996) noted that dyseidetic dyslexia, which
has been shown to occur with a prevalence of between
10 and 30% Flynn & Boder (1991), may comprise the
segment of the dyslexic population which does not have
a transient channel disorder. To investigate this
Borsting, Ridder, Dudeck, Kelley, Matsui & Mo-
toyama (1996) measured contrast sensitivity at six spa-
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tial frequencies between 0.5 and 12 cd for drifting
gratings at 1.0 and 10 Hz in 26 adult subjects, nine
dyseidetic and eight dysphoneidetic dyslexics, and nine
control subjects. A comparison of control and dyslexic
groups showed that there were no differences in con-
trast sensitivity measured at 1 Hz. However, at 10 Hz
the dyslexic group was significantly less sensitive at 0.5,
1.0, and 2.0 cd with no significant differences at higher
spatial frequencies. An examination of contrast sensitiv-
ity in subgroups with dyseidetic and dysphoneidetic
dyslexia showed that there were no significant differ-
ences in contrast sensitivity between the control, dys-
phonetic and dysphoneidetic groups at a temporal
frequency of 1 Hz. Contrast sensitivity measured at 10
Hz showed that the dyseidetic group was not signifi-
cantly different from the control group at any spatial
frequency. However, in comparison to the control
group, the dysphoneidetic group showed a reduction in
sensitivity at low spatial frequencies (0.5, 1.0 and 2 cd),
and no differences in contrast sensitivity at higher
spatial frequencies.
All the dyslexic subjects in the present experiments
were assessed using the Boder & Jarrico (1982) test for
Reading and Spelling Patterns into three groups with
dyseidetic, dysphonetic and mixed (dyseidetic:dyspho-
netic) dyslexia groups. In the present research the
‘mixed’ dysphoneidetic dyslexic group is most similar to
the Borsting, Ridder, Dudeck, Kelley, Matsui & Mo-
toyama (1996) dysphoneidetic group. The experimental
results provide support for the findings by Borsting,
Ridder, Dudeck, Kelley, Matsui & Motoyama (1996) in
a sample of children with developmental dyslexia in the
following ways: First, there were no significant differ-
ences in contrast sensitivity between the control and the
dyseidetic dyslexic group. Second, in comparison to the
control group, there were reductions in contrast sensi-
tivity in the dysphonetic and mixed dyslexic subgroups
at low spatial frequencies between 0.5 and 2 cd, but not
at 8 cd. Third, the differences in visual processing could
not be explained in terms of differences in age or
intellectual ability. Although Borsting, Ridder, Dudeck,
Kelley, Matsui & Motoyama (1996) did not have a
dysphonetic group in their research study, the results of
Experiment 1 suggest that visual processing is impaired
in this group. This finding is consistent with research
that shows that both phonological coding and visual
processing disorders coexist in dyslexia (Lovegrove,
1993; Slaghuis, Lovegrove & Davidson, 1993; Love-
grove, 1996; Slaghuis, Twell & Kingston, 1996). The
results also show that the size of the combined dyspho-
netic and mixed dyslexic groups was 66% of the
dyslexic group which is similar to the findings by
Slaghuis & Lovegrove (1985) that approximately 75%
of the dyslexic population have a visual processing
disorder.
The results from Experiments 2 and 3 show that
when the dyslexic group was classified into dyseidetic,
dysphonetic and mixed subgroups there were no signifi-
cant differences between the control and dyseidetic
groups in coherent motion and visible persistence. In
comparison to the control group, the dysphonetic
group showed some significant reductions in coherent
motion and visible persistence, and the mixed (dyspho-
neidetic) subgroup showed significantly lowered sensi-
tivity to coherent motion, and significantly longer
durations of visible persistence when Ternus apparent
movement was measured with a stimulus duration of 40
ms. Apart from reporting the comparisons between the
control group and each of the two dyslexic subgroups,
Borsting, Ridder, Dudeck, Kelley, Matsui & Mo-
toyama (1996) did not report whether there were signifi-
cant differences between their dyseidetic and
dysphoneidetic subgroups. From a theoretical perspec-
tive the measures of interest should also distinguish
between the dyseidetic and dysphoneidetic subgroups.
In this context, it is important to note that the differ-
ences in visual processing in the dyseidetic, dysphonetic,
and mixed subgroups were only found in comparison to
the control group, there were no substantive differences
between the three subgroups themselves were found in
the present findings. However, the number of sub-
jects,in the three subgroups, in the present research, and
in the research by Borsting, Ridder, Dudeck, Kelley,
Matsui & Motoyama (1996), were small and this makes
the interpretation of the results in relation to visual
processing in the dyslexic subgroups hazardous and in
need of further study with larger samples of subjects.
4.3.5. Psychometric characteristics of the dyslexic
sample
Each subject in the control and dyslexic was assessed
their reading ability for regular, irregular and non-
words using the Castles (1994) reading test. The results
showed that there was a significant reduction in each of
these tests in the dyslexic group. Thus, the present
results show that the dyslexic group as a whole ap-
peared to have a difficulty with phonological coding. A
study by Lovegrove, McNicol, Martin, MacKenzie &
Pepper (1988) found that measures of phonological
coding and awareness loaded on the same factor as a
measure of transient channel processing. Lovegrove
(1993) has argued that both phonological processing
and deficits in visual processing in dyslexia may reflect
a common underlying process. He suggests that the
evidence for differences in processing rapidly presented
stimuli in more than one sensory modality (Tallal,
1985), and the relationship between rapid visual pro-
cessing that engages the transient system and phonolog-
ical coding may reflect a general sensory timing
problem in dyslexia (Lovegrove, 1993). An analysis of
performance in the dyseidetic, dysphonetic and mixed
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groups showed that there was only one significant
difference between the dyslexic subgroups on these
tests. However, the absence of significant differences
most likely reflects the small sample sizes in the
dyslexic subgroups.
The psychometric assessment of dyslexic subjects in
the present experiments also provides support for the
view that they have a significant impairment on tasks
that include a sequential temporal processing and
short-term memory component. The fact that children
with dyslexia have a disorder in sequential processing
was first noted by Bakker (1970), and is reflected in
the differential performance of children with dyslexia
on the subtests of the WISC-R (Bannatyne, 1968;
Rugel, 1974). Bannatyne (1968) proposed a categorisa-
tion of the WISC subtest scores of dyslexic readers
into spatial (block design, object assembly, and picture
completion), conceptual (vocabulary, similarities and
comprehension), and sequential (digit span, digit sym-
bol and picture arrangement) components. Although,
it may be argued that arithmetic should be included in
the sequential category. A review of the WISC subtest
scale performance of dyslexic groups by Rugel (1974)
has shown that they score significantly lower than
average readers on vocabulary, information, digit span
and digit symbol, and significantly higher than average
readers on picture completion, picture arrangement,
object assembly, block design and comprehension. An
assessment of the WISC-R subscale performance in
the dyslexic group in the present research showed that
their performance was significantly worse on vocabu-
lary, comprehension, arithmetic, digit span and digit
symbol (coding), and significantly better on similari-
ties. The poor performance on the digit span and
arithmetic subtests in the dyslexic group show that the
capacity of short term working memory is limited in
this group. The dyslexic groups’ worst performance
was on the digit symbol subtest. In the absence of
performance anxiety this subtest involves the ability to
learn what symbol goes with what digit, where it is
placed, and how efficiently it is written. Shaw’s study
of WAIS performance in college students proposed
that the digit symbol test appears to reflect ‘perceptual
speed’ (Shaw, 1967). The present results support the
findings by Bannatyne (1968) and Rugel (1974) that
the lowest scores in dyslexia groups are achieved in
the Sequential category, and that their best perfor-
mance is found in the spatial category. In this context
it is important to note that the spatial tasks do not
make a demand for rapid visual information process-
ing to complete the tasks. Rugel (1974) argued that a
disorder in Sequential processing in dyslexia appears
to reflect an inability to retain in short-term memory
sequences of non-meaningful auditory and visual stim-
uli and that this may involve attention. The digit sym-
bol task seems to involve many of the components of
the reading process, visual-verbal mediation, visual at-
tention, the location of visual information in the spa-
tial domain, sequencing of eye movement and visual
motor co-ordination. It is important to note that
many of the components of the digit symbol task,
such as the location of visual information in the spa-
tial domain, the sequencing of eye movement, visual
motor co-ordination, alerting and the direction of gaze
(Lennie, 1993), and visual attention (Steinman, Stein-
man & Garzia, 1996), appear to engage magnocellular
stream processes. In addition, the Sequential category
subtests also include a short-term working memory
component which also appears to be deficient in all
the subjects with dyslexia in the present research. In
conclusion, it appears that in addition to the visual
processing disorders which were the focus of the
present experiments all the children with dyslexia also
appear to have a disorder in temporal sequencing
(Shaw, 1967) and short-term memory.
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